Background and objectives: There is no consensus in the literature regarding which rapid maxillary expansion (RME) design or activation rate benefits the patients the most. Therefore, the primary aim of this systematic review was to see whether there is a difference in the skeletal and dentoalveolar effects of different RME appliances in children and growing adolescents. The secondary aim was to see whether these effects are different when using different activation protocols for these appliances. Data collection and analysis: The search was done in three databases (PubMed, Cochrane Library, and Web of Science). The following inclusion criteria were used: randomized controlled trial, prospective controlled studies, 15 or more patients in each study, human subjects up to 18 years of age, and RME effects had to be assessed by computed tomography/cone beam computed tomography. Study appraisal and synthesis methods: Quality of the methodology was classified according to the Grading of Recommendations Assessment, Development and Evaluation (GRADE) guidelines as high, moderate, or low. Results: The search resulted in 145 titles and abstracts; 109 of them were excluded based on pre-established criteria. Thirty-six full-text articles were assessed for eligibility and 18 of which satisfied the inclusion criteria. Finally, seven articles were deemed eligible for full inclusion and revealed that all appliances and protocols showed significant expansion in the mid-palatal suture. No evidence was found for the cause of dental tipping. Limitations: In this systematic review, having different age groups in each study and using different anatomical landmarks and outcome measures for assessing the skeletal and dental effects made it difficult to conduct a meta-analysis. Conclusions: There is moderate evidence that all designs produce significant expansion at the mid-palatal suture. However, lack of studies comparing appliances and protocols has been found. Finally, no evidence-based conclusions could be drawn about the appliance effect on teeth tipping. Implications of key findings: No appliance appears to be superior when it comes to expansion in the mid-palatal suture. Therefore, the tooth-borne appliance might be preferable until further highquality studies conclude otherwise.
Introduction
Posterior crossbite can be detected when the buccal cusps of the maxillary posterior teeth occlude lingually to the buccal cusps of the mandibular posterior teeth (1) . The prevalence of the posterior crossbites in the mixed dentition varies, depending upon the population, from 7.1 per cent to 18 per cent (2) (3) (4) , which indicates that it is a common malocclusion. When a skeletal constricted maxillary arch is diagnosed in adolescents, orthopaedic skeletal expansion involving separation of the mid-palatal suture is the treatment of choice (5) . This expansion could be achieved by means of palatal expanders or, as they are also called, rapid maxillary expansion (RME) appliances. There are a few different designs of these appliances in the market, but the two most recognized in the literature are the tooth-tissue-borne (Haas-type) and the tooth-borne (hyraxtype) expanders. The main difference between the two appliances is that the tooth-tissue-borne has an acrylic pad that leans on the lateral walls of the palatal vault and is meant to reinforce the anchorage for better force distribution and greater orthopaedic response during treatment (6) .
The rigid, fixed RME appliances produce heavy forces that lead to separation in the mid-palatal suture, resulting in maximum skeletal expansion while minimizing orthodontic tooth movement (6, 7) . However, these heavy forces can produce mechanical stress on teeth, which may lead to buccal tipping, buccal cortex fenestration, and gingival recession, as well as root resorption of the posterior teeth (8, 9) . To avoid such complications, a newly designed hybrid RME appliance, which attaches mini-screws directly to the palatal surface at the anterior region of the maxilla and is anchored to the first permanent molars, provides several advantages over the conventional RME: it reduces buccal tipping, bone loss, and gingival recession; is suitable for treatment in borderlineage patients; and can be used in patients with inadequate anterior dental anchorage (missing primary teeth or premolars with underdeveloped roots) (10) .
Another alternative to tooth-anchored RME is to anchor the appliance with mini-implants directly to the palatal surfaces of the maxilla without banding the first permanent molars (11) . Boneanchored expanders are intended to apply forces directly to the maxilla, and by this design, the appliance will not directly include the dentition. The complications of the traditional tooth-anchored RME appliances will be avoided. Disadvantages of this method are higher risk of infection, invasiveness, and pain (12) .
The expansion rate itself can be done with a rapid rate, so-called RME, with an expansion rate of 0.5 mm per day, or at a slow rate, so-called slow maxillary expansion (SME), with an expansion rate of 0.25-0.5 mm per week (13) (14) (15) . But is there a difference between RME and SME in regard to their dental and skeletal effects?
Although there are several studies investigating effects of RME on dental and skeletal structures, there is no consensus in the literature regarding which design or activation rate benefits the patients the most. The basis for evidence-based health care is systematic reviews. These are compilations from all available scientific evidence for a certain question/problem concerning the benefits or risks of different methods of diagnosis, prevention, or treatment. There is no consensus in the literature regarding which RME design or activation rate benefits the patients the most. Therefore, the purpose of this systematic review was to evaluate the evidence on immediate effects of different RME appliance designs. The null hypothesis is that there are no differences in treatment outcomes between different RME appliances or activation protocols in children and adolescents.
Material and methods

Protocol and registration
To ensure a systematic approach, Goodman's model (16) was followed. This model comprises the following steps:(1) definition of the research question; is it reasonable to assume that there are differences in the skeletal and dentoalveolar effects of different RME appliances in children and growing adolescents? Are these effects different when using different activation protocols for these appliances? (2) formulation of a plan for the literature search; (3) literature search and retrieval of publications; and finally (4) data extraction, interpretation, quality assessment, and evaluation of evidence.
Eligibility criteria
The titles and abstracts identified by the search were subjected to the following inclusion criteria:
1. Randomized clinical trial (RCT), or prospective controlled study if the controlled group was matched to the experimental group. 2. Population of age 18 years or less, 15 patients or more in each study (as a total number of participants), and an existing posterior crossbite (whether it was uni or bilateral). 3. Intervention of a maxillary expansion using fixed maxillary expansion appliance (RME). 4. Comparison of different appliances and protocols. 5. Outcomes; differences in skeletal (expansion in median palatal suture) and dental effects (by means of dental tipping).
The following exclusion criteria were also considered during the selection process:
1. Systematic reviews and retrospective studies. 2. Cleft lip and palate, syndromes, and medically compromised patients. 3. Surgical treatments (e.g. surgically assisted RME).
Information sources, search strategies, and study selection 
Data collection process
Data collection was performed by three reviewers (MA, FB, and LD) on standardized tables and protocols. Any inaccuracy or disagreement was resolved by re-examining the original document. Two authors were contacted via email because of unclear population/study design description and one study was included after receiving answer from the author. Manual search of the reference lists was also carried out for all the full-text articles, to not miss any relevant publication.
Data items
Data items are differences in the skeletal and dentoalveolar effects of different RME appliances in children and growing adolescents and the differences when using different activation protocols for these appliances.
Risk of bias in individual studies
All included studies were evaluated according to a preset protocol (17) and assessed for risk of bias. Reasons for downgrading were non-RCT study design, unclear described population and intervention; insufficient data analysis, e.g. unblinded assessment, attrition greater than 30 per cent; and absence of methodological error analysis. Then the level of evidence was based on this protocol (Table 1 ).
Summary measures
Differences in the skeletal and dentoalveolar effects of different RME appliances in children and adolescents were set as the primary outcome. The secondary outcome included any difference in effects when using different activation protocols.
Results
Study selection
The search resulted in 145 articles, which were screened through titles and abstracts (Figure 1 ) for the PRISMA selection process (18) . Full-text versions of 36 articles were analysed according to the inclusion and exclusion criteria. Eighteen articles remained for the quality analysis; 11 were excluded for the following reasons: nine were assessed as being of low quality, and two were excluded because they did not compare between two appliances/protocols (Table 2) . Only one article was found via manual search of references lists. In one article, information was not complete. Therefore, the author was contacted, a response was received, and the article could be sufficiently assessed with respect to the quality level. A total of seven articles were included in the final evaluation of evidence.
Study characteristics
The retrieved studies involved five types of RME appliances: toothtissue-borne appliance (Haas) (19), tooth-borne appliance (Hyrax), tooth-bone-borne appliance (hybrid) (20) , bone-borne appliance (11, 21) , and bonded appliance (22) . The characteristics of each of the included studies can be found in Tables 3 and 4 .
Treatment time
The treatment time depended upon the protocol used and ranged from 11 days to 5 months (11, (19) (20) (21) (22) (23) (24) .
Results of individual studies
Bone-borne versus tooth-borne appliances Both appliances were effective in the treatment of the maxillary constriction and showed statistically significant increase in maxillary width at the palatal level with no differences between these two appliances.
Tooth-borne RME had greater, statistically significant intercoronal expansion at the level of first premolars. However, disagreement on the amount of the teeth tipping was found between the studies. Mosleh et al. (21) stated that there was statistically significantly more tipping of the maxillary right and left first premolars in the toothborne expander (−4.4° ± 2.8° and −5.4° ± 2.2°, respectively) compared to right and left first premolars in the bone-borne expander (1° ± 3.5° and −0.8° ± 4.7°, respectively), while Lagravère et al. (11) did not find a significant difference between the two groups. At the level of the first molars, no statistical significant differences were found in either of the two studies (11, 21) in the amount of tipping (Table 4) .
Rapid (RME) versus slow (SME) protocols
Maxillary expansion was significant within groups, and no statistically significant differences were noted between groups (24). SME caused significant bodily movement at the level of the apices of the first molars (23) , while the RME protocol produced more tipping movement in the molars (24) .
Tooth-bone-borne versus tooth-borne appliances
Both appliances were effective in the treatment of the maxillary constriction. No significant differences were found between groups. Intercoronal width showed a greater statistically significant increase in the premolar area for both first and second premolars in the toothborne group compared to the tooth-bone-borne group. However, no statistically significant difference was found between groups when comparing the absolute dental tipping, which was defined as the difference between the changes in the first molar/premolar alveolar inclination and dental inclination (20) .
Tooth-tissue-borne versus tooth-bone-borne appliances
Significant increases in maxillary width at the dental, alveolar, and skeletal levels were found in both appliances in all parameters within groups. The tooth-borne group, however, showed a greater statistically significant increase in the mid-palatal suture width and also in the distance between the apices of the palatal roots of the right and left maxillary first molars, which indicated more dental tipping in the tooth-tissue-borne appliance (19) .
Banded versus bonded appliances
The two expanders had statistically significant increases in maxillary width. The banded group had a statistically significant greater increase of the palatal width at the level of the first molar than the bonded group. Both types of expanders showed statistically significant dental tipping of the first permanent molars within groups. However, there was contradictory information reported by the authors between the results and the tables regarding dental tipping between groups (22). 
Treatment complication/side-effects
One patient lost a mini-screw 2 days after insertion; this patient was excluded from the study (20) . More painful response was reported in the rapid protocol group compared to the slow protocol group (24) , and nine patients had signs of dehiscence in the slow expansion protocol which was somewhat higher than dehiscence reported in patients treated with the rapid protocol (23) .
Quality analysis
The quality analysis of the studies included in this systematic review is summarized in Table 3 . The analysis of the excluded articles explained that the methodology and the level of quality were low in 9 of 18 eligible articles. The reasons for this downgrading were the absence of randomization; not explaining the population and/or the absence of inclusion and exclusion criteria; lack of sample size calculation; not explaining the study protocol, which makes it hard to reproduce; absence of specific endpoint no blinding in measurements; and not explaining the attrition (Table 2) .
Discussion
Summary of evidence
The main finding in this systematic review was that all types of maxillary expansion appliances produced significant expansion in the mid-palatal suture. There is weak evidence pointing out that SME might contribute to bone dehiscence and periodontal impairment more than RME does. This systematic review is, to our knowledge, the first review to use computed tomography/cone beam computed tomography (CT/CBCT) as a measuring module to evaluate any differences in skeletal and dentoalveolar effects of different RME appliances and to assess whether these effects are dependent on different activation protocols.
Several studies have discussed the effects of RME through twodimensional radiographs, which do not allow accurate identification of the structures because of the superimposition of adjacent bony structures. To overcome these limitations, CBCT proved to be an accurate and reliable method for the assessment of the transverse dimensions (25) . This is the reason that this systematic review included only studies using CT as an evaluating instrument.
When treating posterior crossbites with RME in children, there is a moderate level of evidence that the treatment gives rise to a significant expansion of the mid-palatal suture regardless of the design of the appliance. All the included articles in this systematic review, and also an earlier systematic review (26) assessing the effects of RME, have concluded this fact. This statement was also confirmed by a meta-analysis (27) that examined clinical trials using 2D cephalometric radiographs and/or dental casts to evaluate the skeletal changes produced by RME.
Comparing the rapid (RME) and slow (SME) protocols, both articles reported a large attrition percentage, at 48 per cent (24) and 44 per cent (23). Martina et al. (24) found more molar tipping in the RME group and Brunetto et al. (23) found significant bodily movement at the level of molar apices in the SME group. This bodily movement has periodontal consequences, namely bone dehiscence and periodontal changes, which were less common in the RME group than in the SME group (23) . The bodily movement of the first molars with the SME protocol could indicate that the molars were moved towards the buccal bone faster than the expansion of the mid-palatal suture occurred, giving rise to bone dehiscence and periodontal impairment. However, one should be very careful about drawing firm conclusions in regard to these different activation protocols, since there were only two studies with moderate quality, and the evidence was set as low.
The effects of the bone-borne RME were compared to the toothborne RME; despite the differences in the appliances designs and protocols, both appliances were effective for the treatment of the maxillary constriction. The tooth-borne RME showed greater statistically significant intercoronal expansion at the level of the first premolars. This is somewhat expected due to the difference in design of these RME appliances. The bone-borne design has no connecting arms to the premolars, in contrast to the tooth-borne design (11, 21) . The same conclusion was drawn when comparing the tooth-borne appliance with the tooth-bone-borne appliance. No significant differences between the tooth-borne and tooth-bone-borne appliances were observed comparing the absolute dental tipping (20) .
When comparing the tooth-tissue-borne and the conventional tooth-borne appliances, the results revealed that the tooth-borne appliance produced a statistically significantly greater increase in the midpalatal suture at both anterior and posterior maxilla. Furthermore, the tooth-borne appliance gave rise to approximately 1 mm greater distance between the apices of the palatal root in maxillary molars, which indicated greater dental tipping in the tooth-tissue-borne appliance (19) . The acrylic pads in the Haas appliance was assumed to cause greater orthopaedic response by reinforcement of the anchorage for better forces distribution during RME (6, 7); this assumption, however, could not be supported by the findings of the included RCT (19) .
Comparing banded and bonded appliance designs; a greater statistically significant expansion regarding the palatal maxillary width in the banded group was reported. However, the difference was marginal and probably is not of any clinical significance. Furthermore, the authors claimed in the results section of their article that the tipping was more pronounced in the banded group, which is in contradiction with the results shown in their tables. The difference between the dental tipping according to the table was not statistically significant (22) . Prospective trial 20 female patients were divided equally into 2 groups: -tooth-borne RME group -bone-borne RME group Average age 12 ± 0.6 years Protocol: twice a day for 11 days (overall activation; 5.5 mm)
Skeletal outcome measures:
• maxillary width Dental outcome measures:
• dental tipping
Moderate
Gunyuz Toklu MG 2015 (20) ,Turkey RCT 26 patients meeting the inclusion criteria were consecutively recruited and randomly allocated into 2 groups: -tooth-borne group 13 patients (8 girls, 5 boys) Average age 14.3 years -tooth-bone-borne group 12 patients (6 girls, 6 boys) Average age 13.8 years 1 patient was excluded after losing the mini-screw Protocol: twice a day (a half turn in total) Skeletal outcome measures:
• bone plate thickness • maxillary width Dental outcome measures:
• alveolar tipping • dental tipping
High
Brunetto M 2013 (23), Brazil RCT 59 patients were selected and randomly allocated into 2 groups: -RME group 28 patients, 17 after attrition (10 girls, 7 boys) Average age 8.9 years -SME group 31 patients, 16 after attrition (8 girls, 8 boys) Average age 9 years Protocol: RME: half turn (0.4 mm) per day till it reached 8 mm SME: half turn (0.4 mm) per week till it reached 8 mm Alveolar outcome measures:
• alveolar bone height • alveolar bone thickness Dental transverse outcome measures:
• tooth displacement • dental tipping
Moderate
Martina R 2012 (24), Italy RCT 50 patients were randomly allocated into 2 groups: -RME group: 27 patients, 14 after attrition (6 males, 8 females) Average age 9.7 years -SME group: 23 patients, 12 after attrition (7 males, 5 females) Average age 10.3 years Protocol: RME: 3 times a day (0.75 mm) until 2 mm overcorrection SME: twice a week (0.50 mm) until 2 mm overcorrection Skeletal outcome measures:
• anterior maxillary expansion
• posterior maxillary expansion Dental transverse outcome measures:
• molar expansion • dental tipping Moderate Pangrazio-Kulbersh V 2012 (22) , USA RCT 23 patients were randomly allocated into 2 groups: -banded expanders group 13 patients (7 males, 6 females) Average age 12.6 years -bonded expanders group 10 patients (5 males, females) Average age 13.5 years Protocol: not explained Skeletal outcome measures:
• palatal maxillary width/buccal maxillary width changes
• maxillary width changes Dental transverse outcome measures:
• dental tipping • maxillary transverse width Dental transverse outcome measures:
• dental tipping Moderate RCT; randomized controlled trial. 
Limitations
The systematic reviews are to summarize the existing clinical research and also, point out the absence of evidence, the shortcomings of the contemporary publications and gap of knowledge which hopefully should be addressed in future studies. The evidence of the reviewed articles in this systematic review showed quite large heterogeneity in regard to defined anatomical landmarks, used reference lines, outcome measures, and different age groups in treated subjects. Furthermore, there were no studies with untreated controls and long-term follow ups, which could have brought more insight in the necessity of this treatment modality in certain age groups. Could this systematic review answer the question of which design Posterior maxillary expansion (mm): distance between right and left greater palatine foramen SME: 1.9 ± 1.0; P < 0.001) RME: 2.4 ± 0.9; P < 0.001) Differences between apices of the palatine root of the right and left maxillary molars and the mesiopalatal cusp tip of the right and left maxillary first molar (mm) SME: (0.3 ± 0.9; P > 0.05) RME: (1.0 ± 1.2; P < 0.05) Difference between groups was not reported. or activation rate is more superior to another? The existing evidence, due to its limitations mentioned earlier, indicates that all appliance designs seem to give rise to maxillay expansion. But the evidence is still obscure whether or not they could induce equal amount of skeletal expansion in relation to the dental tipping and also which activation rate, slow or rapid, is to prefer. Therefore, more studies with RCT design, sufficient power, and standardized methodology are required to make it possible to draw an evidence-based conclusion about which appliance to prefer in a clinical setting. None of the included articles examined the patients' own perceptions of the RME appliances they had received. In our opinion, this is an important issue, and future studies have to take patients' own views and perceptions into account.
Clinical implications
It appears that no appliance is superior to the others when it comes to maxillary expansion; therefore, the tooth-borne appliance is preferable until further studies conclude otherwise. The rapid protocol seems to be a better choice than the slow protocol, since the slow protocol might induce more negative periodontal effects.
Conclusion
1. There is a moderate level of evidence that all maxillary expansion appliances are reliable methods for producing a significant expansion at the mid-palatal suture, which treats posterior crossbite effectively in the short term. 2. Findings of a dental-tipping effect between different appliances were contradictory in the studies reviewed and no evidencebased conclusion could therefore be drawn. 3. There is a low level of evidence indicating that the slow expansion protocol might contribute to bone dehiscence and periodontal impairment. Until there is more evidence, it might be sensible to take extra care in using the slow protocol. 4. Additional randomized controlled trials with sufficient power are required to add further insight into the effects of different appliance designs and protocols on skeletal and dental structures.
